Clostridial collagenases are used for a broad spectrum of biotechnological applications and represent prime target candidates for both therapy and diagnosis of clostridial infections. In this study, we biochemically characterized the catalytic domains of three clostridial collagenases, collagenase G (ColG) and H (ColH) from Clostridium histolyticum, and collagenase T (ColT) from C. tetani. All protein samples showed activity against a synthetic peptidic substrate (furylacryloyl-Leu-Gly-ProAla, FALGPA) with ColH showing the highest overall activity and highest substrate affinity. Whereas the K m values of all three enzymes were within the same order of magnitude, the turnover rate k cat of ColG decreased 50-to 150-fold when compared to ColT and ColH. It is noteworthy that the protein N-terminus significantly impacts their substrate affinity and substrate turnover as well as their inhibition profile with 1,10-phenanthroline. These findings were complemented with the discovery of a strictly conserved double-glycine motif, positioned 28 amino acids upstream of the HEXXH zinc binding site, which is critical for enzymatic activity. These observations have consequences with respect to the topology of the N-terminus relative to the active site as well as possible activation mechanisms.
Introduction
Clostridia comprise a family of more than 120 ubiquitously occurring, anaerobic, sporulating Gram-positive bacteria. Among them are serious pathogens causing diseases, such as botulism, gas gangrene, tetanus, and pseudomembranous colitis (Cato et al., 1986; Hatheway, These authors contributed equally to this work. a 1990). To date, these toxigenic clostridia represent a threat to public health, as tetanus and clostridial myonecrosis have maintained double-digit mortality rates and pseudomembranous colitis is a known severe complication of antibiotic therapy (Burke and Opeskin, 1999; Bruggemann et al., 2003; Taubes, 2008a,b) .
Furthermore, substantial amounts of pathogenic clostridia were cultured in the last 60 years for the use as bioweapons. As a prominent example, in the 1990s the Japanese cult Aum Shinrikyo (Sect of Supreme Truth) attacked the Japanese parliament and the wedding of the Japanese crown prince with botulinum toxin (Arnon et al., 2001) .
While the histotoxicity of clostridia is primarily caused by specific toxins, many hydrolytic enzymes produced by pathogenic clostridia, such as collagenases (EC 3.4.24.3) , are thought to be involved in host colonization by aiding their multiplication and spread into tissues; additionally, they might potentiate the histotoxicity by facilitating toxin diffusion (Bond and Van Wart, 1984a; Hatheway, 1990; ). Therefore, clostridial collagenases represent prime targets for sensitive diagnosis and effective therapy against clostridial infections. They are of special interest since the outbreak of clinical symptoms of clostridial infections isparadoxically -often triggered by antibiotic treatment (Burke and Opeskin, 1999; Modi and Wilcox, 2001; McFarland, 2005) , thus preventing classical antibiotic treatment strategies.
With type I collagen being the most abundant protein of all higher organisms, it is not surprising that there exists a diverse spectrum of biotechnological applications of bacterial collagenases, including their use for meat tenderizing, islet cell isolation, wound healing, treatment of retained placenta, or their use as additives to laundry detergents (Sank et al., 1989; Hesse et al., 1995; Fecteau et al., 1998; Haffner et al., 1998; Yeh et al., 2002; Watanabe, 2004) .
Clostridial collagenases are zinc metalloproteases and they belong to the MEROPS peptidase family M9, which comprises microbial metalloproteases with presumable collagenolytic activity (Rawlings et al., 2008) . They are large mosaic proteins consisting of a signal peptide, a putative pro-domain, a catalytic domain, up to two PKD domains of unknown function and up to three collagenbinding domains . Each of these accessory domains consists of approximately 110 amino acids with a molecular mass of approximately 12 kDa. The domain architecture of the three clostridial collagenases investigated in this study is shown in Figure  1 .
All clostridial collagenases possess the consensus HEXXH sequence, a zinc binding motif, as well as a glutamate positioned 33-35 residues downstream the HEXXH motif, cf. Figure 2 . This residue was identified as ColA, collagenase A from Clostridium perfringens; ColG, collagenase G from C. histolyticum; ColH, collagenase H from C. histolyticum; ColB, collagenase B from C. botulinum; ColS, collagenase S from C. sporogenes; ColT, collagenase T from C. tetani. The zinc binding residues characterize the collagenases as gluzincins. The double-Gly motif is critical for enzymatic activity, as described in the results section.
the third zinc binding ligand in ColH and classifies all clostridial collagenases as members of the gluzincin subfamily .
On the basis of the ratio of the activities toward synthetic peptides and native collagen, clostridial collagenases are divided into two distinct classes: class I (like ColG) with high collagenolytic and low amidolytic activity, and class II (e.g., ColH) showing preferentially amidolytic activity (Bond and Van Wart, 1984b; Van Wart and Steinbrink, 1985) . This enzymatic behavior correlates with a duplication of the calcium binding domain in ColG, which was hypothesized to be critical for collagen binding and presentation .
Contrasting the distinct substrate specificity of mammalian matrix-metalloproteases, clostridial collagenases are capable of degrading various types of collagen and gelatin, and can hydrolyze collagen at multiple sites within the triple helical regions. Generally, they cleave peptide bonds on the amino side of the glycine residue in the characteristic collagen motif PXGP. Notwithstanding the lack of any significant sequential conservation, human collagenases, such as MMP1 and MMP8 are also organized as mosaic proteins, and both enzyme families utilize Zn 2q for catalysis (Bond and Van Wart, 1984a,b; Ravanti and Kahari, 2000; Brandstetter et al., 2001; Hu et al., 2002) .
To exploit the mechanism of action of this enzyme family, it is of particular interest to understand the functional relevance of their individual domains. Along this line, Matsushita and colleagues could show calcium to significantly enhance the binding of the CBD to collagen and collagenous peptides . Subsequently, the crystal structure of the calcium binding domain (CBD) of collagenase G was determined in the presence and absence of calcium, setting a milestone in the structural and mechanistic understanding of the Ca 2q -dependence of collagen binding and presentation (Wilson et al., 2003) . Beyond that, however, our mechanistic knowledge on bacterial collagenases in general and their catalytic domains in particular is still very limited. The situation is reflected and aggravated by the complete lack of structural data on their architecture.
In this article, we describe the first enzymatic characterization of the catalytic domains of three different clostridial collagenases: collagenase G (ColG) and H (ColH) from Clostridium histolyticum, and collagenase T (ColT) from C. tetani, a hitherto completely uncharacterized enzyme. Among other questions, this work clarifies to which extent catalytic properties are harbored within the catalytic domain alone rather than in the full-length protein.
Results

Expression and purification of recombinant catalytic domains
The catalytic domain constructs of ColG, ColH, and ColT were solubly expressed in Escherichia coli Bl21 DE3 cells with a proteolytically cleavable N-terminal hexahistidine tag. The expression typically yielded 10 mg of pure protein from 500 ml of culture. The recombinant proteins were purified by NiNTA affinity purification followed by size exclusion chromatography, as described in more detail elsewhere (Eckhard et al., 2008 ; P. Ducka, U. Eckhard, E. Schö nauer, H. Brandstetter and D. Nü ss, unpublished).
The recombinant proteins migrated on a denaturing SDS-PAGE gel with an apparent molecular mass of approximately 70-80 kDa and were found to be at least 95% homogenous (Figure 3 ).
Kinetic characterization of the purified catalytic domains
Consistent with reports in the literature (Bond and Van Wart, 1984b) , the activity of all three clostridial collage- nases significantly decreased over time. Therefore, all enzymatic assays were performed immediately after purification. The heterologously expressed enzymes were subjected to kinetic measurements with FALGPA as substrate (Van Wart and Steinbrink, 1981) . Apparent K m and V max values were determined for all three catalytic domains. Results are shown in Figure 4 . A representative Michaelis-Menten plot is shown in Figure 5 .
All recombinant protein samples showed activity against the synthetic peptidic substrate, albeit with substantial differences in their turnover rates (Table 1 ). The catalytic domain of collagenase H displayed the highest specific activity, approximately 12 U/mg, followed by collagenase T (approximately 2 times lower) and collagenase G (more than 140 times lower). By contrast, the variation in K m values is less pronounced with approximately 3-fold deviations at the maximum, but reflects the trend observed in the turnover numbers. Consequently, the catalytic efficiencies (k cat /K m ) vary over a factor of 450 between the extremes of ColH (highest) and ColG (lowest).
Influence of the N-terminal His 6 -tag on enzyme activity
In the case of the human collagenase MMP8, the correctly processed N-terminus has a significant impact on enzyme activity, resulting in the so-called super-activation with Phe79, but not Met80 as the N-terminus (Reinemer et al., 1994; Farr et al., 1999) . Therefore, we examined if the exact processing of the N-terminus also affects the enzymatic characteristics of the clostridial collagenases and compared their kinetics in the absence and presence of the N-terminal His 6 -tag. We observed a significant influence of the His 6 -tag on enzyme kinetics (Figure 4) .
The presence of the N-terminal His 6 -tag lowered both substrate affinity and maximum velocity consistently in all three enzymes. The Michaelis-Menten constant of ColG and ColH increased by approximately 50% and 60%, respectively, while the increase in K m by approximately 30% was less pronounced in ColT. These changes were accompanied by the attenuation of V max . The maximum velocity of ColG and ColH were moderately decreased by approximately 20%, whereas the activity of ColT was more than halved. The overall effect of the His 6 -tag on the catalytic efficiency k cat /K m amounted to an approximate 50% reduction in ColG and ColH and a more than 60% reduction in ColT (see Table 1 ).
Inhibitory effects of 1,10-phenanthroline
The specific metalloprotease inhibitor 1,10-phenanthroline exerted an inhibitory effect on all six constructs. A representative fit to the inhibition curve is shown in Figure  6 . The N-terminal tag also affected the inhibition with 1,10-phenanthroline. The half maximal inhibitory concentrations (IC 50 ) of the catalytic domains for 1,10-phenanthroline were significantly decreased in the presence of the N-terminal His 6 -tag ( Figure 7 ).
Minimal catalytic domain
By Western blot analysis employing an anti-His antibody directed against the N-terminal His 6 -tag, we could demonstrate the presence of a prominent, C-terminally degraded fragment of the catalytic domain of ColT migrating at approximately 55 kDa (data not shown). Therefore, we sought to investigate whether such a Cterminally truncated ColT construct retains catalytic activity. We designed a truncated ColT construct, which stops shortly after the third zinc binding residue. The construct (Tyr53-Ala506) with an approximate molecular mass of 55 kDa is consistent with the prediction of a minimal catalytic domain by the MEROPS web server (Rawlings et al., 2008) . However, this construct showed no activity at all, despite containing all zinc binding residues including the catalytic glutamate that is supposed to serve as the general base.
Enzymatically critical double-glycine motif
We serendipitously introduced a single amino acid exchange (G426V) within a double-glycine motif of ColH, located 28 amino acids upstream to the HEXXH motif. This point mutation, verified by DNA and protein sequencing welectrospray ionization time-of-flight mass spectrometry (ESI-TOF MS)x, completely abolished enzymatic activity in the FALGPA assay. The double-glycine motif is strictly conserved throughout all available clostridial collagenase sequences (Figure 2 ). The finding implicates that this conserved residue is critical for the correct active site structure.
Discussion
The aim of the present study was to characterize the catalytic domains of three different clostridial collagenases, namely of collagenase G and H from Clostridium histolyticum, and ColT from C. tetani. Microbial collagenases are thought to play a key role in host infection and have been investigated in great detail for the enzymes from C. histolyticum (Bond and Van Wart, 1984b; Van Wart and Steinbrink, 1985; Yoshihara et al., 1994; Matsushita et al., 1999; ). While these investigations represent major achievements in the field, work in particular with natively purified protein was challenged by the risk of contamination with related proteases; additionally, collagenases tend to (auto-)degrade, thus contributing another source of heterogeneity that may jeopardize accurate enzymatic analysis. Our approach addresses both of these concerns. The presented data show, for the first time, the proteolytic activity of ColT from C. tetani and moreover its capability to cleave a substrate specific for microbial collagenases. By the inhibition with 1,10-phenanthroline, we further confirmed that ColT is indeed a zinc metalloprotease. Therefore, we propose that the function of a collagenolytic metalloprotease should be assigned universally to all gene products of the M09.002 (MEROPS database) family. Surprisingly, the activity of the catalytic domain collagenase G against the synthetic peptide FALGPA was approximately 50 times lower than published by Bond and Van Wart (1984b) , whereas the activity of ColH was comparable. We propose two possible explanations: (1) slight variations in the amino acid sequence, including differences in the termini or the mentioned single site amino acid exchanges may cause a decrease in the catalytic activity of ColG; alternatively (2), there exists the possibility that the isolated ColG isoforms characterized by Bond and Van Wart were contaminated with ColH.
Significantly, all three enzymes have comparable substrate affinities, as reflected in less than 3.5-fold differences in their K m values, suggesting that they share important active site features, such as substrate recognition pockets. Consequently, we consider major rearrangements at the substrate recognition site of ColG unlikely to explain its low activity. The striking difference between the enzymes relates to a k cat effect with more than a 100-fold difference. The latter may be caused by subtle differences in the active site, such as variations in the local pK a of the general base (E524 in ColG) or minute changes in the relative orientation of oxyanion hole and the zinc coordinating residues. Taking both kinetic parameters together, the catalytic efficiency (k cat /K m ) differ most (500-fold) within the two C. histolyticum enzymes ColG and ColH. This differentiation may in fact be evolutionary driven allowing to develop different substrate specificities.
1,10-Phenanthroline has been shown to act by removing the catalytic metal from the metalloprotease (Angleton and Van Wart, 1988) . Our inhibition constants for ColG and ColH support the published data by Angleton and Van Wart. They reported (1) an inhibition constant of approximately 0.040 mM for collagenase H, and (2) compared to ColH a more than 2-fold higher IC 50 value for ColG (Angleton and Van Wart, 1988) . Together with our findings from the FALGPA assay, these data indicate that the catalytic zinc in ColH is significantly better accessible and can be more easily extracted than in ColG and ColT. We conclude that the detailed zinc coordination geometry varies in the three enzymes.
The inhibitory effect of the N-terminal His 6 -tag affected both the substrate affinity (K m ) and the turnover number (k cat or V max ). There are at least three plausible mechanisms that may explain this behavior: (1) the His 6 -tag acts as a non-competitive inhibitor of the enzyme, thereby reducing its V max ; in such a scenario, the His 6 -tag could chelate and extract the catalytic Zn 2q from the active site, mimicking the effect of phenanthroline. (2) The His 6 -tag acts as a competitive inhibitor of the enzyme, thereby increasing its apparent K m ; in this model, the tag partially shields and thus sterically hinders substrates to access the active site. (3) The un-tagged (physiological) N-terminus exhibits a stimulatory effect which may be both V max -and K m -related; addition of an artificial His 6 -tag may suppress these effects. The latter model mirrors the activity enhancement described for human MMP8: only the correctly processed N-terminus (Phe79) induces activity stimulation, whereas variations in the N-terminus (e.g., Met80) lead to reduced enzymatic activity (Reinemer et al., 1994; Farr et al., 1999) . Any of the three models (1) to (3) necessarily implies that the N-terminus is geometrically close to the active site in all three investigated enzymes. However, a detailed mechanistic understanding of the observed effects awaits further experiments.
In this context, it is particularly interesting that the presence of the His 6 -tag decreases the IC 50 value of phenanthroline. Within the proposed non-competitive inhibition mechanism (1), the His 6 -tag would be expected to only reduce the number of active collagenases and, consequently, should behave neutral towards the inhibition profile of phenanthroline. Therefore, model (1) is inconsistent with the observed inhibition profile. The model of competitive inhibition by the His 6 -tag (2) may, at first sight, appear counterintuitive with an IC 50 decrease, given that the substrate K m values increased with the His 6 -tagged vs. untagged N-terminus. However, when compared with the substrate FALGPA, the smaller size of 1,10-phenanthroline might provide it with a competitive advantage in gaining access to the active site which is partly blocked by the His 6 -tag. Therefore, part of the IC 50 value reductions is consistently explained with model (2). Finally, also model (3) is consistent with the inhibition data: since a peptidic substrate and phenanthroline obey different interaction modes with the enzyme active site, the modulation exerted by the mature N-terminus may affect substrate and inhibitor affinities differently.
The effects observed in the presence and absence of the N-terminal His 6 -tag suggest a regulatory role of the N-terminal pro-domain, the functional relevance of which was so far unknown . Notably, neither signal peptide nor the putative pro-peptide is necessary for proper folding of the bacterial collagenases.
Intrigued by the presence of C-terminally truncated fragments of the three catalytic domains, we examined whether functionally active mini-proteases exist by cloning a minimal catalytic domain of ColT of approximately 50 kDa. However, the construct showed no catalytic activity in the FALGPA assay although it harbored the complete active site and appeared correctly folded, as judged by size exclusion chromatography (data not shown). We, therefore, postulate that the observed (auto-) degradations serve a regulatory role. We also wish to emphasize that there is no precedence of an active metalloprotease with a C-terminal residue in close sequential and spatial proximity to the active site; thus, the observed result is consistent with the current knowledge on the architecture of zinc proteases.
The critical role of the double-glycine motif 28 aa upstream to the active site came as unexpectedly. Glycine residues often serve as hinge residues, since they have unique conformational degrees of freedom. Consequently, we assume that the exchange of a glycine in this conserved motif disrupts the structure or dynamics of the protease that may be necessary for breathing-like motions during catalysis. Clearly, the elucidation of the exact mechanism awaits further experiments.
In summary, we succeeded in the first biochemical comparison of three distinct catalytic domains of clostridial collagenases. We found that the activity of this protease family is starkly differentiated and tightly regulated on different levels, including the influence of the N-terminus, auto-degradation, and conformational dynamics near the active site. The findings pave the way for engineering more specific variants of these biotechnologically relevant proteases.
Materials and methods
Enzymes: restriction enzymes and T4 ligase were purchased from Fermentas (St. Leon-Rot, Germany); Pfu polymerase was from Stratagene (Amsterdam, The Netherlands). Primers and sequence analysis: custom made primers were obtained from Eurofins MWG Operon (Ebersberg, Germany); sequence analyses were performed at MWG Operon (Martinsried, Germany). All reagents were of the highest standard available from SigmaAldrich Co. (Mü nchen, Germany) or AppliChem (Darmstadt, Germany).
Bioinformatics analysis
On the basis of the catalytic domain of ColG (Tyr119-Ala790), a protein BLAST search for related protein sequences was performed (Altschul et al., 1997) . We found significant sequence similarity (scoring value E better than 1e-75) only with clostridial and bacilli collagenases. The catalytic domains of ColH (Val41-Leu717) and ColT (Tyr53-Leu727; sequence numbering according to Swiss-Prot entry Q9X721, Q46085, and Q899Y1 respectively) showed sequence identities of 48% and 46%, respectively. For the active site ("50 amino acids with respect to the HEXXH motif), a sequence identity between 60% and 69% was calculated.
The particular choice, as outlined above, reflects three sources of information, namely (i) on naturally occurring isoforms of ColG and ColH from C. histolyticum and ColA from C. perfringens (Bond and Van Wart, 1984a,b; Matsushita et al., 1994 Matsushita et al., , 1999 , (ii) the N-terminal maturation of ColG and ColH , and (iii) bioinformatical analysis on domain boundaries that include sequence alignment, conservation, and domain decomposition algorithms (Liu and Rost, 2004) .
The molecular mass of the three catalytic domains was computed to be approximately 80.5 kDa, with a pI of approximately 6.0 using the ProtParam Web applet (Wilkins et al., 1999) . Multiple sequence alignments were performed by ClustalW (Larkin et al., 2007) . Sequence numbering of ColA, ColB, ColG, ColH, ColS, and ColT in Figure 2 follows the Swiss-Prot entries P43153, A5I290, Q9X721, Q46085, Q84IM4 and Q899Y1, respectively.
Cloning, expression, and purification
The catalytic domains of ColG and ColH were PCR-amplified from cloning vectors kindly provided by Roche Diagnostics GmbH (Penzberg, Germany) using Pfu Ultra Polymerase (Stratagene). For the catalytic domain of collagenase T, genomic DNA kindly provided by the laboratory of Gerhard Gottschalk (Gö ttingen Genomics Laboratory) was used as PCR template. The primers used were: Cloning restriction sites are represented by underlined and bold letters.
Compared to the Swiss-Prot and NCBI (National Center of Biotechnology Information) entries several amino acid exchanges were observed: 14 in the catalytic domain of ColH and 3 in the catalytic domain of ColG.
All constructs (as specified in the bioinformatics analysis section) were cloned with an N-terminal His 6 -tag, followed by the TEV-protease recognition site (ENLYFQxGGT), followed by the enzyme-specific starting sequence MYDF (ColG), MVQN (ColH), and YKT (ColT). Proteins were expressed in E. coli BL21(DE3) cells at 208C. All purification steps were carried out at 48C. The two-step purification included Ni 2q -affinity purification and size exclusion chromatography. Removal of the N-terminally His 6 -tag was obtained by enzymatic digestion using TEV-protease and samples were repurified by immobilized metal affinity chromatography (IMAC). The quantitative removal of the affinity tag was verified by Western blot analysis using a monoclonal anti-His 6 -tag antibody (data not shown).
Protein concentrations were assayed using the Bradford method with bovine serum albumin as standard (Bradford, 1976) .
Enzyme assays
Unit definition: one unit hydrolyzes 1.0 mmol of furylacryloyl-LeuGly-Pro-Ala (FALGPA) per minute at 258C at pH 7.5 in the presence of calcium ions.
Enzyme assays were performed as described by van Wart and Steinbrink (Van Wart and Steinbrink, 1981) and detailed in the manufacture's protocol (Sigma-Aldrich). The FALGPA concentrations were varied from 0.031 mM to 1.0 mM. Absorbance was monitored at 324 nm (0.031-0.062 mM FALGPA; D´3 24 s2.250 mM -1 cm -1
) and 345 nm (0.125-1.00 mM FALGPA; D´3 24 s0.530 mM -1 cm -1
). Triplicate data sets were analyzed by nonlinear least squares regression fitting to the Michaelis-Menten equation (Hernandez and Ruiz, 1998) . The catalytic efficiency k cat is calculated by V max /E tot .
A stock solution of 10 mM 1,10-phenanthroline was prepared in ddH 2 O. The half-maximal inhibitory concentrations (IC 50 ) were calculated in the presence of 0.25 mM FALGPA by nonlinear regression analysis using Sigma Plot (SPSS, Chicago, IL, USA). Protein samples were pre-incubated for at least 1 h with the respective inhibitor concentration.
Concentrations of FALGPA and 1,10-phenanthroline were determined in solution via UV absorbance at 305 nm (´s24.70 mM -1 cm -1 ) and 272 nm (´s30.20 mM -1 cm -1 ), respectively.
All measurements were carried out at 258C and pH 7.5.
